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We study the inner dynamics of accreting Eddington-inspired Born-Infeld black holes using the
homogeneous approximation and taking charge as a surrogate for angular momentum. We show that
there is a minimum of the accretion rate below which mass inflation does not occur, and we derive
an analytical expression for this threshold as a function of the fundamental scale of the theory, the
accretion rate, the mass, and the charge of the black hole. Our result explicitly demonstrates that,
no matter how close Eddington-inspired Born-Infeld gravity is to general relativity, there is always
a minimum accretion rate below which there is no mass inflation. For larger accretion rates, mass
inflation takes place inside the black hole as in general relativity until the extremely rapid density
variations bring it to an abrupt end. We derive analytical scaling solutions for the value of the
energy density and of the Misner-Sharp mass attained at the end of mass inflation as a function of
fundamental scale of the theory, the accretion rate, the mass, and the charge of the black hole, and
compare these with the corresponding numerical solutions. We find that, except for unreasonably
high accretion rates, our analytical results appear to provide an accurate description of homogeneous
mass inflation inside accreting Eddington-inspired Born-Infeld black holes.
I. INTRODUCTION
The formulation of Eddington-inspired Born-Infeld
(EiBI) gravity [1] (see also [2–5]) has been inspired by
Born-Infeld non-linear electrodynamics [6] and its solu-
tion to the problem of the divergent self-energy of point
charges. Analogously, the potential avoidance of astro-
physical and cosmological singularities has been the main
drive behind the development of EiBI gravity. Although,
this theory is completely equivalent to Einstein’s general
relativity in vacuum, significant deviations from general
relativity manifest themselves if the energy density or its
space-time gradients are sufficiently large [7–14]. This is
particularly true in the extreme environments attained in
the early universe [15–23] and inside black holes [24–33],
which may, if certain conditions are verified, be singular-
ity free (see, however, [34–38]).
An exponential growth of the Misner-Sharp mass,
known as mass inflation, has been shown arise as a
consequence of the relativistic counterstreaming between
ingoing and outgoing streams inside charged Reissner-
Nordstro¨m charged black holes and rotating Kerr black
holes in the context of General Relativity [39–43] (see
also [44–48] for a number of other studies in the context
of modified gravity). The role of mass inflation on the
inner dynamics of EiBI black holes has been investigated
for the first time in [49]. There it has been found, using
numerical simulations of accreting spherically symmetric
∗Electronic address: pedro.avelino@astro.up.pt
charged black holes in the homogeneous approximation,
that there is a minimum accretion rate for mass inflation
to occur in the context of EiBI gravity. In this paper we
extend these results by performing a detailed analytical
study of mass inflation inside EiBI black holes.
Throughout this paper we shall use fundamental units
with c = G = 1 and a metric signature (−,+,+,+).
The Einstein summation convention will be used when a
greek index, taking the values 0, ..., 3, appears twice in
a single term (the exception will be the greek indices θ
and φ which will denote the polar and azimuthal angles,
respectively).
II. EIBI GRAVITY
EiBI gravity is described by the action
S =
2
κ
∫
d4x
[√
|gµν + κRµν | − λ
√
|g|
]
+ SM , (1)
and it is based on the Palatini formulation which treats
the metric and the connection as independent fields.
Here, gµν are the components of the metric, g is the
determinant of gµν , Rµν is the symmetric Ricci tensor
build from the connection Γ, SM is the standard action
associated with the matter fields, and κ is the only ad-
ditional parameter of the theory with respect to general
relativity (see [7, 9, 10] for tight constraints on the value
of κ).
Therefore, the equations of motion may be derived by
varying the action with respect to the connection and the
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2metric. These are given respectively by
qµν = gµν + κRµν , (2)√
|q|qµν = λ
√
|g|gµν − κ¯
√
|g|Tµν , (3)
where Tµν are the components of the energy-momentum
tensor, qµν is an auxiliary metric related to the original
connection by
Γγµν =
1
2
qγζ(qζµ,ν + qζν,µ − qµν,ζ) , (4)
qµν is the inverse of qµν , κ¯ = 8piκ and a comma rep-
resents a partial derivative. Without loss of generality
we set λ = 1. Although the changes associated with a
different value of λ can be incorporated into the energy-
momentum tensor, in this paper we shall not consider
them since we will only be dealing with asymptotically
flat solutions.
Combining Eqs. (2) and (3) one obtains the second-
order field equations
Gµν ≡ Rµν − 1
2
Rδµν = 8piT µν , (5)
with
Rµν ≡ qµζRζν = 8piΘµν , (6)
T µν ≡ Θµν − 1
2
Θδµν , (7)
Θµν ≡ 1
κ¯
(
1−
√∣∣∣∣gq
∣∣∣∣
)
δµν +
√∣∣∣∣gq
∣∣∣∣Tµν , (8)
Θ ≡ Θµµ . (9)
For |κ¯|ρ 1, and if the density field is smooth enough,
the components of the physical (g) and auxiliary (q) met-
rics are approximately equal and T µν ∼ Tµν . Conse-
quently, in vacuum the EiBI theory of gravity is indistin-
guishable from general relativity.
III. SPHERICALLY SYMMETRIC
HOMOGENEOUS APPROXIMATION
Rotating and charged black holes have similar geome-
tries. Hence, in this paper we will use charge as a surro-
gate for angular momentum, considering accreting spher-
ically symmetric charged black holes. We shall also con-
sider the homogeneous approximation in the computa-
tion of the black hole’s interior structure, thus assuming
that all relevant quantities can be written as a function
of a radial (timelike) coordinate alone. This approxima-
tion has been shown to provide an accurate description
of some of the most important aspects of mass inflation
(see, e.g., [42, 44, 45]).
In the homogeneous approximation the spherically
symmetric physical (g) and auxiliary (q) line elements
may be written, respectively, as
ds2g = gtt(r)dt
2 + grr(r)dr
2 + r2(dθ2 + sin2 θdφ2) , (10)
ds2q = A(r)dt
2 +B(r)dr2 +H2(r)(dθ2 + sin2 θdφ2) ,(11)
where gtt, grr, A ≡ qtt, B ≡ qrr, and H2 ≡ qθθ are all
functions of r alone.
The non-zero components of the energy-momentum
tensor of the electric field corresponding to a constant
charge Q are given by
eT rr = −ρe , eT tt = we‖ρe , (12)
eT θθ =
eTφφ = we⊥ρe , (13)
with
we‖ = −1 , we⊥ = 1 , (14)
and
ρe =
Q2
8pir4
. (15)
The non-zero components of the most general fluid
energy-momentum tensor consistent with spherical sym-
metry and the homogeneous approximation are given by
fT rr = −ρf , fT tt = pf‖ = wf‖ρf , (16)
fT θθ =
fTφφ = pf⊥ = wf⊥ρf , (17)
where ρf , pf‖, and pf⊥ are the fluid’s density, radial
pressure and transverse pressure, respectively.
Energy-momentum conservation of the accreting fluid
implies that
ρ′f
ρf
= −1 + wf‖
2
g′tt
gtt
− 2(1 + wf⊥)
r
, (18)
where a prime represents a derivative with respect to the
timelike coordinate r. Integrating Eq. (18) with respect
to r one obtains
ρf = ρfi
(
gtti
gtt
)(1+wf‖)/2 (ri
r
)2(1+wf⊥)
, (19)
with the subscript i meaning that the physical quantities
are evaluated at some initial radius ri.
The total energy-momentum tensor
Tµν =
fTµν +
eTµν , (20)
is just the sum of the fluid and electromagnetic parts,
which are assumed to be separately conserved. Consis-
tently with the above notation, we shall also write
T rr = −ρ , T tt = p‖ = w‖ρ , (21)
T θθ = T
φ
φ = p⊥ = w⊥ρ , (22)
with ρ, p‖, and p⊥ being the total density, radial pressure
and transverse pressure, respectively.
The following relations between the components of the
physical and auxiliary metrics can be computed using
Eqs. (2) and (3)
A = gtt
(1 + κ¯ρ)1/2(1− κ¯w⊥ρ)
(1− κ¯w‖ρ)1/2
, (23)
B = grr
(1− κ¯w‖ρ)1/2(1− κ¯w⊥ρ)
(1 + κ¯ρ)1/2
, (24)
H = r(1 + κ¯ρ)1/4(1 + κ¯w‖ρ)1/4, (25)
3and they imply that√∣∣∣∣gq
∣∣∣∣ = (1 + κ¯ρ)−1/2 (1− κ¯w‖ρ)−1/2 (1− κ¯w⊥ρ)−1 .
(26)
If ρf = 0 then the standard Reissner-Nordstro¨m solu-
tion with
A = −
(
1− 2M
r
+
Q2
r2
)
(27)
B = − 1
A
(28)
H = r , (29)
is an excellent approximation both in the κ→ 0 limit or
for sufficiently large values of r. For κ = 0 the outer (r+)
and inner (r−) horizons of the black hole are located at
r± =
(
M ±
√
M2 −Q2
)
. (30)
IV. MASS INFLATION: ANALYTICAL
SOLUTIONS
It has been shown that, if mass inflation occurs, the rel-
ativistic counterstreaming between ingoing and outgoing
streams drives wf‖ towards unity in the mass inflation re-
gion [43]. Hence, here we shall now investigate the mass
inflation regime with w‖ ∼ wf‖ ∼ 1 and |κ¯|ρ 1. Under
these conditions the relations
A = gtt , B = grr , H = r , (31)
approximately hold. We shall also assume that mass in-
flation takes place for
r ∼ r− , (32)
which has been shown to be a good approximation for
reasonable (not too large) values of the accretion rate
(see, e.g., [42–45]).
Given that during mass inflation regime ρf becomes
much larger than ρe (so that ρ ∼ ρf ), in this period H is
given approximately by
H ∼ r(1 + κ¯ρ)1/4(1− κ¯ρ)1/4 ∼ r−
(
1−
( κ¯ρ
2
)2)
, (33)
where the last approximation in Eq. (33) is valid up to
first order in |κ¯|ρ. The first and second derivatives of H
satisfy
H ′ ∼ 1− r κ¯
2
2
ρρ′ ∼ 1− r− κ¯
2
2
ρρ′ , (34)
H ′′ ∼ −r κ¯
2
2
(
ρ′2 + ρρ′′
) ∼ −r−(κ¯ρ′)2 . (35)
Note that the last approximation in Eq. (35) takes into
account that ρ′/ρ ∼ const, during mass inflation [15].
The tt and rr components of Eq. (5) are given by
− H
′
H
B′
B
− B
H2
−
(
H ′
H
)2
+ 2
H ′′
H
= 8piBT tt , (36)
−H
′
H
A′
A
+
B
H2
−
(
H ′
H
)2
= 8piBT rr . (37)
Mass inflation takes place for r−κ¯2ρ|ρ′|  1, so that
H ′ ∼ 1 (in this period the conditions H ∼ r ∼ r−,
|κ¯|ρ 1, A ∼ gtt, and B ∼ grr are also satisfied). In the
mass inflation regime the values of |grr| and |gtt| become
tiny and Eqs. (36) and (37) are given approximately by
g′rr
grr
∼ −8pir−ρgrr , (38)
g′tt
gtt
∼ −8pir−ρgrr , (39)
respectively. The last term on the left-hand side of
Eq. (36) may be neglected, compared to the source
term on the right-hand side of the same equation, for
r−κ¯2ρ|ρ′|  1 (note that ρ′/ρ ∼ −g′rr/grr ∼ −g′rr/grr ∼
const during mass inflation).
Subtracting Eqs. (38) and (39), and integrating the
result with respect to r, one obtains
grr
gtt
∣∣∣∣
[MI]
∼ const , (40)
where the label [MI] indicates that the correspond-
ing quantity is to be evaluated during mass inflation.
Eq. (40) implies that the value of grr/gtt is approximately
the same at the start and at the end of mass inflation,
or, equivalently, that
grr
gtt
∣∣∣∣
[start]
∼ grr
gtt
∣∣∣∣
[end]
. (41)
On the other hand,
gtt[start] ∼ −g−1rr[start] , (42)
since grrgtt ∼ −1 while ρf remains smaller than ρe before
the start of mass inflation. Eqs. (41) and (42) imply that
grr
gtt
∣∣∣∣
[MI]
=
grr
gtt
∣∣∣∣
[start]
∼ −g2rr[start] ∼ −g−2tt[start] . (43)
Mass inflation starts when the energy density of the
accreting fluid begins to dominate over the energy density
associated to the electric field. For the purpose of finding
analytical solutions, we shall assume that mass inflation
starts when ρf = αρe, or equivalently, when
ρf [start] = α
Q2
8pir4−
, (44)
4where α is of order unity. Taking into account that (see
Eq. (19) for wf‖ ∼ 1 and r ∼ r−)
ρf [start] ∼ ρfi gtti
gtt[start]
(
ri
r−
)2(1+wf⊥)
, (45)
and using Eqs. (43) and (44), one obtains
grr
gtt
∣∣∣∣
[MI]
∼ − α
2Q4
64pi2ρ2fi g
2
tti r
4(1−wf⊥)
− r
4(1+wf⊥)
i
. (46)
Mass inflation ends when H ′ starts deviating signifi-
cantly from unity. In order to find analytical solutions
we shall assume that mass inflation ends when
r−
κ¯2
2
ρ|ρ′| = β , (47)
where
ρ′
ρ
∼ −g
′
tt
gtt
∼ 8pir−ρgrr
∼ 8pir−ρfigtti grr
gtt
∣∣∣∣
[MI]
(
ri
r−
)2(1+wf⊥)
, (48)
is roughly constant during mass inflation and β is of order
unity. Using Eqs. (45), (46) and (48) one finds that the
maximum density attained at the end of mass inflation
is given by
ρ[end] ∼ β
1/2
2pi1/2α
g
1/2
tti r
2−wf⊥
− r
1+wf⊥
i
Q2
ρ
1/2
fi
|κ| . (49)
Hence, there is a minimum accretion threshold, parame-
terized by ρfi, for mass inflation to occur. If
ρ[end] < ρf [start] = α
Q2
8pir4−
, (50)
or, equivalently,
ρ
1/2
fi
|κ| <
α2
4pi1/2β1/2
Q4
g
1/2
tti r
6−wf⊥
− r
1+wf⊥
i
, (51)
mass inflation does not happen at all. Therefore, our
characterization of the mass inflation regime inside EiBI
black holes is only valid above this threshold.
The total effective mass inside a sphere of radius r is
given by the Misner-Sharp mass
MM−S =
r
2
(
1 +
q2
r2
− 1
grr
)
. (52)
The maximum of the Misner-Sharp mass, attained at the
end of mass inflation, is
MM−S[end] ∼ r−
2
(
1 +
q2
r2−
− 1
grr[end]
)
. (53)
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FIG. 1: The values of α (top panel) and β (bottom panel) for
κ = k¯/(8pi) = 10−40, considering Q and ρfi in the intervals
[0.5, 0.95] and [10−8, 10−6], respectively.
Here,
1
grr[end]
∼ 1
grr
gtt
∣∣∣
[end]
gtt[end]
∼ 1
grr
gtt
∣∣∣
[MI]
gtt[end]
, (54)
where
1
gtt[end]
∼ 1
gtti
ρf [end]
ρfi
(
ri
r−
)−2(1+wf⊥)
, (55)
with (grr/gtt)[MI] and ρ[end] given by Eqs. (46) and
Eq. (49), respectively. Hence, one finally finds that
MM−S[end] ∼ − r−
2grr[end]
∼ 16pi
3/2β1/2
α3
×
× g
3/2
tti r
9−3wf⊥
− r
3+3wf⊥
i
Q6
ρ
3/2
fi
|κ| . (56)
5V. MASS INFLATION: NUMERICAL
VERIFICATION
We have computed numerically the value of ρ[end] and
MM−S[end], as a function of ρfi and Q, considering initial
conditions with ri = 0.95r−. For |κ¯|ρfi  1 the inner
structure of the black hole around r = ri is close to that
of an ordinary charged Reissner-Nordstro¨m black hole in
general relativity and, consequently, we also assume that
F (ri) =
(
1− 2M
ri
+
Q2
r2i
)
, (57)
G(ri) = 1 , (58)
H(ri) = ri . (59)
We combined our numerical results with the analytical
scaling solutions, given by Eqs. (49) and (56), to estimate
the values of α (Fig. 1, top panel) and β (Fig. 1, bottom
panel) for κ = k¯/(8pi) = 10−40, considering Q and ρfi
in the intervals [0.5, 0.95] and [10−8, 10−6], respectively.
The results shown in Fig. 1 confirm that Eqs. (49) and
(56) provide an accurate estimate of ρ[end] and MM−S[end]
with α ∼ 1.5 and β ∼ 3.5 in a regime where the accretion
rate, parameterized by ρfi, is small, but the ratio ρ
1/2
fi /|κ|
is large enough for mass inflation to take place. The
numerical results also show that the value of α appears
to be a (slowly) growing function of Q.
VI. CONCLUSIONS
In this paper we investigated the dynamics of mass in-
flation inside accreting EiBI black holes using the homo-
geneous approximation and taking charge as a surrogate
for angular momentum. We have shown that there is a
minimum accretion rate below which mass inflation does
not occur, and we computed analytically this threshold as
a function of the fundamental scale of the theory, the ac-
cretion rate, the mass, and the charge of the black hole.
Our results imply that mass inflation does not happen
for sufficiently low accretion rates, independently of how
close EiBI gravity is to general relativity. We have also
shown that mass inflation inside EiBI black holes, if it
occurs, is brought to an end at an energy density much
smaller than the fundamental energy density of the the-
ory. We computed the analytical scaling solutions for the
energy density and the Misner-Sharp mass at the end of
mass inflation, showing that they provide a good approx-
imation to the corresponding numerical results.
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